Purpose Laparoscopic intraperitoneal onlay mesh in hernia repair can result in adhesions leading to intestinal obstruction and fistulation. The aim of this systematic review is to compare the effects of mesh coatings reducing the tissue-to-mesh adhesion in animal studies. Methods Pubmed and Embase were systematically searched. Animal experiments comparing intraperitoneally placed meshes with coatings were eligible for inclusion. Only studies with comparable follow-up, measurements, and species were included for data pooling and subsequent meta-analysis. Results A total of 131 articles met inclusion criteria, with four studies integrated into one comparison and five studies integrated into another comparison. Compared to uncoated polypropylene (PP) mesh, PP mesh coated with hyaluronic acid/ carboxymethyl cellulose (HA/CMC) showed significantly reduced adhesion formation at follow-up of 4 weeks measured with adhesion score of extent (random effects model, mean difference,− 0.96, 95% CI − 1.32 to − 0.61, P < 0.001, I 2 = 23%; fixed effects model, mean difference,− 0.94, 95% CI − 1.25 to − 0.63, P < 0.001, I 2 = 23%). Compared to PP mesh, polyester mesh coated with collagen (PC mesh) showed no significant difference at follow-up of 4 weeks regarding percentage of adhesion-area on a mesh, using random effects model (mean difference − 11.69, 95% CI − 44.14 to 20.76, P = 0.48, I 2 = 92%). However, this result differed using fixed effects model (mean difference − 25.55, 95% CI − 33.70 to − 7.40, P < 0.001, I 2 = 92%). Conclusion HA/CMC coating reduces adhesion formation to PP mesh effectively at a follow-up of 4 weeks, while the antiadhesive properties of PC mesh are inclusive comparing all study data.
Introduction
Incisional hernia (IH) is one of the most common complications after laparotomy, with an incidence of around 13% after two years [1] . Generally, IH is defined as a gap or fascia defect, in the area of abdominal wall scars, that can be detected by clinical examination or imaging [2] . The number of patients having undergone IH repair was estimated to 3,00,000 in Europe in 2006 [3, 4] . Laparoscopic intraperitoneal onlay mesh placement (IPOM) is clinically available for hernia repair, usually indicated in patients with high risk of infection (diabetes, obesity, compromised immunity), recurrent hernia after open repair, swiss cheese hernia (multiple small defects), and lateral hernia (L1-L3) defects [5] . Meshes in IPOM position may result in adhesions leading to chronic pain [6] , intestinal obstruction [7] , difficulties at reoperation [8] , and even fistulation [9, 10] . Consequently, protective layers were developed to coat the mesh in order to prevent adhesion formation.
Animal experiments are usually performed to test antiadhesion effects of coatings applied to meshes, prior to potential translation to humans [11] . Although a large number of animal experiments have been conducted for this reason, systematic reviews of these comparisons are scarce [12] . It is a challenge to identify and compare meshes with identical conditions, i.e., identical species, follow-ups, measurements, and available data type. However, the number of animal experiments exploring an optimal coated mesh is increasing. A thorough overview of coatings to prevent adhesion formation on meshes is essential to the design of prospective animal experiments. The aim of this systematic review is to compare the effects of mesh coatings reducing the tissue-to-mesh adhesion in animal studies.
Methods
This meta-analysis was performed according to the SYRCLE guidelines and registered at PROSPERO [nr: CRD42018089892].
Inclusion and exclusion criteria
All animal studies investigating IH repair, comparing tissue-to-mesh adhesion intraperitoneally between a noncoated mesh and a coated mesh, or between coated meshes, were eligible for inclusion. Studies with identical type of two meshes (the same mesh material with the same coating material), comparable follow-up, identical measurements, and species were integrated in this meta-analysis.
Studies that only compared non-coated meshes or did not report data regarding tissue-to-mesh adhesions were excluded. Additionally, human trials, in vitro, and ex vivo experiments were excluded. There were no restrictions regarding species of animals, age, weight, and gender. Articles had to be written in English to be included. Studies were not excluded based on publication date.
Search strategies
Pubmed and Embase were systematically searched on the 22nd of January, 2019. MeSH terms combined with free-text terms regarding IH repair, intraperitoneal mesh placement, and adhesion formation were used to search these databases. The full search strategies are available in table 1 and table 2 (Online Resource 1, ESM_1.PDF). The search was designed with the help of an experienced librarian from Maastricht University.
Study selection
The search results were imported into a citation manager (EndNote™ X7, Clarivate Analytics). Duplicates were removed. After title and abstract screening, full-text screening was conducted by two independent researchers (MJ and TM) to identify the included articles. Disagreement was resolved by discussion and if needed a third researcher (HL) was contacted for arbitration.
Data extraction
Data extraction was performed using a standard form, which included general study characteristics (the first author and the year of publication), animal characteristics (the animal species, the design of animal experiments, the animal model used, and the follow-up), mesh characteristics (types of the mesh, material and structures of the mesh, location of the placement, and fixation of the mesh), outcomes (extent score, tenacity score, adhesion-area, percentage of adhesionarea on a mesh, and adhesion incidence).
Quality assessment
The quality of integrated studies were assessed by two independent researchers (HL and MJ), using the SYRCLE's risk of bias tool [13] . This tool is an adapted version of the Cochrane risk of bias tool and specially developed for assessing the quality of animal studies. Briefly, this tool comprises ten items including the assessment of selection bias, performance bias, detection bias, attrition bias, reporting bias, and other bias.
Data synthesis and statistical analysis
The meta-analysis was conducted using Review Manager (RevMan) [Computer program], Version 5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014). The identical comparisons of tissue-to-mesh adhesion at the same follow-up with the same species were pooled separately. In the comparison between polypropylene (PP) mesh and hyaluronic acid/carboxymethyl cellulose (HA/ CMC) coated mesh, data of adhesion extent score were summarized to mean ± standard deviation if there were details reporting the extent score of adhesion or percentage of adhesion-area on mesh in every animal. The extent score of adhesion used the following score: grade 0, 0%; grade 1, 1-25%; grade 2, 26-50%; grade 3, 51-75%; and grade 4, > 75% of mesh surface [14] . In the comparison between PP mesh and PC mesh, data of percentage of adhesion-area on mesh, presented by median, range and interquartile range, were conversed to mean ± standard deviation by formulas introduced by Wan X et al. [15] and principles in Cochrane handbook [16] . Percentage of adhesion-area was expressed as 100% × adhesion-area on the mesh/the mesh-area in the evaluation day. Treatment effects of data were expressed as mean difference with 95% confidence intervals and the inverse variance method was used. Both fixed effects model and random effects model were applied and I 2 was used to express heterogeneity. If the pooled estimates are comparable between the fixed effects model and the random effects model, the results of the fixed effects model are preferred for the data integration. Otherwise, the results of the random effects model are preferred due to the obvious heterogeneity indicated by the results of two effects models [17] .
Results
A total of 705 articles were acquired from the search on Pubmed and Embase after removing the duplicates. The flow diagram ( Fig. 1 ) displays the number of included, excluded and analyzed articles. Finally, 131 articles met the inclusion criteria. The comparisons of meshes usually applied in clinical practice were attached in Tables 3-14 (Online Resource 2, ESM_2.PDF), containing 68 articles. The other 63 articles were not summarized because an identical comparison of two meshes of different types was barely found in these articles. Four articles were pooled into meta-analysis for the comparison of PP mesh and HA/CMC mesh [18] [19] [20] [21] , and five articles for the comparison of PP mesh and PC mesh [22] [23] [24] [25] [26] .
Outcome of meta-analysis

Risk evaluation
All nine articles neither mentioned how random sequences were generated nor how allocation of animals was concealed [18] [19] [20] [21] [22] [23] [24] [25] [26] (Figs. 2, 3 ). Two out of these nine articles mentioned blinding of both performance and detection [20, 23] , while two other articles mentioned only blinding of detection [24, 25] . One article was found with incomplete data, not mentioning the expression of data type [26] , which implies that mean ± standard deviation or mean ± standard error cannot be identified directly from the article. One article was considered to show selective reporting [25] as animals without adhesion were not mentioned in their results.
Extent score of adhesion, PP mesh VS HA/CMC-coated PP mesh
Compared to PP mesh at a follow-up of 4 weeks in rats, HA/CMC-coated PP mesh demonstrated a significantly lower mean adhesion formation measured with extent score of adhesion (random effects model, mean difference, − 0.96, 95% CI − 1.32 to − 0.61, P < 0.001, I 2 = 23%; fixed effects model, mean difference, -0.94, 95% CI − 1.25 to -0 .63, P < 0.001, I 2 = 23%). The results of the random effects and the fixed effects model in this comparison were similar, but the result of the fixed effects model was more precise due to the narrower confidence interval. Therefore, the result of the fixed effects model shown in Fig. 4 was preferred. In total, four studies with 118 animals were included in this comparison. The PP mesh in these four studies was Prolene® mesh (a heavyweight PP mesh with medium pore size fabricated by monofilament) [19] , Marlex® mesh (a heavy-weight PP mesh with medium pore size fabricated by monofilament) [18] , Surgipro® mesh (a heavy-weight PP mesh with medium pore size fabricated by multifilament) [20] , or a heavy polypropylene mesh [21] . The HA/CMC-coated PP mesh was Sepramesh® (PP mesh with HA/CMC coating) [19, 20] , PP mesh covered by a HA/CMC membrane [18] , or PP mesh coated by a HA/CMC gel [21] . The sutures for fixation of these meshes to abdominal wall were polypropylene sutures in three of four studies [18] [19] [20] and polyglyconate suture in one of four studies [21] . All these four studies showed HA/CMC-coated PP meshes were superior to PP meshes in adhesion reduction measured by extent score of adhesion.
Percentage of adhesion-area, PP mesh VS PC mesh
Compared to PP mesh at a follow-up of 4 weeks in rats, PC mesh showed a non-significant lower mean percentage of adhesion-area on mesh (random effects model, mean difference − 11.69, 95% CI − 44.14 to 20.76, P = 0.48, I 2 = 92%; fixed effects model, mean difference -25.55, 95% CI − 33.70 to − 7.40, P < 0.001, I 2 = 92%). The result of the random effects model shown in Fig. 5 was preferred for the integration, but the obvious heterogeneity was indicated by the results of two effects models. A total of five studies with 97 animals were included in this comparison. The PP mesh in four of five studies was Prolene® mesh [23] [24] [25] [26] , while Marlex® was used in the other study [22] . The PC mesh in all of these five studies was Parietex® Composite mesh. All the meshes in these five studies were secured to the abdominal wall with Prolene® sutures. Two of these five studies suggested PC mesh had less adhesion formation than PP mesh [23, 24] , while two of five studies showed no benefit of PC mesh on adhesion reduction [22, 26] and one of five studies found PC mesh had higher adhesion formation than PP mesh [25] .
Discussion
Mesh use in IH significantly reduces recurrent IH compared with suture repair alone. However, an ideal mesh for intraperitoneal use remains to be explored due to mesh-related complications. Prosthetic meshes with novel coatings have been developed with high potential to overcome adhesion formation, one of the complications. While numerous animal studies have focused on the anti-adhesive effect of coated meshes, a systematic review investigating the optimal antiadhesive mesh has not been conducted before. According to our results, HA/CMC-coated meshes and PC meshes were the most common meshes with coatings tested in animal experiments.
Seprafilm® membrane with a component of HA/CMC has been approved by FDA as a barrier for prevention of postoperative adhesion formation since 1996, with the support of several multi-center clinical trials [27, 28] . Due to technical difficulties caused by the adherent membrane used in IPOM, a new composite mesh was developed composed of PP mesh with a HA/CMC-coated layer facing the viscera. Most studies supported that HA/CMC-coated PP meshes were superior to PP mesh without a coating, although one study demonstrated no preference between both meshes [29] . Our meta-analysis results showed HA/CMC-coated PP meshes significantly reduced the adhesion formation measured by extent score at 4 weeks. Almost all animal studies included in this meta-analysis showed HA/CMC-coated PP mesh was preferred to PP mesh alone from 1 week followup to 4 months follow-up, in rats, rabbits, and pigs. The superiority of HA/CMC-coated PP meshes over uncoated PP mesh was found measured by percentage of adhesion-area on mesh, tenacity score of adhesion, extent score of adhesion, number of bowel adhesions to mesh, and rate of adhesion case illustrating that less than 25% of the HA/CMC-coated PP mesh (Sepramesh®, Genzyme, Biosurgery) was covered by filmy adhesion one year after the placement in patients [31] . Deeken et al. demonstrated to have initiated a multiinstitutionally clinical trial focusing on the reductive effectiveness of coated meshes against adhesion [12] .
PC mesh is another clinically available mesh with a layer of oxidized type 1 atelocollagen, polyethylene glycol, and glycerol coated on polyester prosthesis [32] . Some studies suggested that it significantly prevented adhesion formation, measured as percentage of adhesion-area, superior to PP mesh [20, 24, 29, [33] [34] [35] [36] [37] [38] [39] . However, some studies did not find a preference between PC mesh and PP mesh [22, 26] . One study even showed PC mesh presented higher adhesion formation than PP mesh [25] . Our meta-analysis showed no significant difference to be found between PC mesh and PP mesh in animal experiments using random effects model, noting the heterogeneity of these pooled studies was high. In humans, Chelala et al. reported that, detecting the PC meshrelated adhesions in patients with a second look operation, 40 of 85 (47.05%) patients were adhesion-free during a mean of 52-month follow-up using PC mesh, 36 of 85 (42.3%) were found to have loose adhesions to the omentum, and 9 of 85 (10.58%) patients had mild intestinal adhesions [40] .
To our knowledge, this is the first time a meta-analysis was performed comparing coated meshes in the same conditions in animals. Although a large number of studies focused on evaluating tissue-to-mesh adhesions, animal studies with an identical comparison of meshes in the same conditions were scarce. This situation resulted from many different factors between groups, including mesh characteristics, measurement system for the adhesions, follow-up, and animal species.
To this moment, more than 70 types of meshes are commercially available [41] . Characteristics of a mesh, including coating, material absorption, pore size, weight, constitution, knitting structure, and fixation, played a role in the formation of tissue-to-mesh adhesions. Animal studies containing an identical comparison of two types of meshes, regarding the absolutely same characteristics of the two meshes, were scarce. The present two integrated studies only focused on the characteristics with the same mesh material and the same coating material.
The measurements of adhesion were generally classified based on percentage of adhesions covering a mesh, adhesion-area, incidence of adhesions, number of adhesions, type of adhesions, density of adhesions, and location of adhesions. No standard scoring system was widely accepted and applied in animal studies. Furthermore, even when aforementioned items were identical, grading of scores varies between studies, ranging from two levels to five levels. A consensus for researchers on a standard evaluation system of adhesion-to-mesh is urgently required.
Follow-up durations for evaluation of adhesion formation vary largely, from 3 days to one year in included studies, mainly due to differing research questions. Most follow-ups were set at 4 weeks. Generally, after in vivo implantation of biomaterials, multiple processes happen subsequently, including blood-material interaction, provisional matrix formation, acute and chronic inflammation, and finally formation of granulation tissue and fibrous encapsulation at 3-4 weeks [42] . Sulaiman et al. found that, in a mice adhesion model, peritoneal adhesion formation was mainly associated with chronic inflammation instead of acute inflammation [43] . Recommended by an expert consensus performed by our groups (unpublished), a follow-up of at least 4 weeks is suitable to assess chronic inflammation in animal experiments.
Appropriate animal species and models are necessary for animal studies. Especially since Van den Hil et al. found that histological outcomes were comparable between rats and humans, concerning adhesion formation and foreign body reaction to meshes [44] .
Heterogeneity in meta-analysis represents betweenstudies variance, caused by different set-ups of the studies. To investigate heterogeneity of any significance, different statistical methods were applied after data integration of the pooled studies. Fixed effect models assume no heterogeneity exists and the variance between studies is fully caused by within-study variance. In contrast, random effects models include the possible effect of heterogeneity in pooled data [45] . In the current study, heterogeneity was identified in the studies comparing the PC mesh and PP mesh, despite mesh types, follow-up, species, and fixation material being virtually identical. It was not clear which other factors contribute to this heterogeneity. Subgroup meta-analysis detecting the heterogeneous source in the five pooled studies was complicated, due to the lack of details regarding randomization, animal housing conditions, the influence of different surgeons, and the microbiome, as well as unknown factors that might act as a source of the heterogeneity.
This meta-analysis encountered several limitations. Firstly, due to heterogeneity of all animal studies only several studies could be included in this meta-analysis and the sample size might not be large enough. This is due to the strict inclusion criteria and not enough studies available. The identical conditions for the comparisons were to ensure true integration of data. Secondly, the conversion of data might normally cause a little bias. Since all the data are converted under the same standards for the integration, consulting with the statistician in our university, bias seems minimal. Lastly, due to the different conditions between animals and humans, translation of our results to humans will still require human trials.
Conclusion
HA/CMC coating reduces adhesion formation to PP mesh effectively at follow-up of 4 weeks, while the anti-adhesive properties of PC mesh are inclusive comparing all study data. A standard adhesion score assessing tissue-to-mesh adhesions is urgently required to reach a consensus for animal experiments.
